Major opsin (LW Rh) DNA sequence has been reported to provide useful data for resolving phylogenetic relationships among tribes of corbiculate bees based on analyses of 502 bp of coding sequence. However, the corbiculate tribes are believed to be of Cretaceous age, and strong support for insect clades of this age from small data sets of nucleotide sequence data has rarely been demonstrated. To more critically assess opsin's phylogenetic utility we generated an expanded LW Rh data set by sequencing the same gene fragment from 52 additional bee species from 24 tribes and all six extant bee families. Analyses of this data set failed to provide substantial support for monophyly of corbiculate bees, for relationships among corbiculate tribes, or for most other well-established higher-level relationships among long-tongued bees. However, monophyly of nearly all genera and tribes is strongly supported, indicating that LW Rh provides useful phylogenetic signal at lower taxonomic levels. When our expanded LW Rh data set is combined with a morphological and behavioral data set for corbiculate bees, the results unambiguously support the traditional phylogeny of the corbiculate bee tribes: (Euglossini ؉ (Bombini ؉ (Meliponini ؉ Apini))). This implies a single origin of advanced eusocial behavior among bees rather than dual origins, as proposed by several recent studies.
INTRODUCTION
DNA sequences obtained from protein-coding regions of nuclear genes have provided useful data for phylogenetic studies in a variety of insect taxa (Baker and DeSalle, 1997; Brower and DeSalle, 1994; SotoAdames et al., 1994; Shimada et al., 1995; Tatarenkov et al., 1999) . Several nuclear genes have been developed for studying family-level divergences in Lepidoptera (Friedlander et al., 1994 (Friedlander et al., , 1996 Mitchell et al., 1997; Fang et al., 1997; Brower and DeSalle, 1998; Regier et al., 1998; Campbell et al., 2000) . Of these, EF-1␣ and PEPCK have been used in studies of bee relationships (Danforth et al., 1999; Leijs, 2000; Danforth and Ji, 2001; Sipes and Wolf, 2001 ). Mardulyn and Cameron (1999) report on the utility of another nuclear gene, long-wavelength rhodopsin (also known as green or major opsin; hereafter referred to as LW Rh). Their conclusion that LW Rh recovers relationships among corbiculate bee tribes seems promising, since sources of phylogenetic data for recovering Mesozoic divergences in insects are few. LW Rh is a member of a multigene family encoding visual pigments (Chang et al., 1996; Townson et al., 1996) and occurs in three forms in bees, although the paralogous sequences are very different and orthology can usually be determined unambiguously.
Corbiculate bees are a monophyletic group of longtongued bees (hereafter, L-T bees) within Apidae: Apinae (Roig-Alsina and Michener, 1993) and comprise four extant tribes, each of which is monophyletic (Michener, 2000 and references therein) . These are the Euglossini (orchid bees, 175ϩ known species, five genera), Bombini (bumble bees, 239 species, all in the genus Bombus [Williams, 1998] ), Apini (honey bees, at least 7 extant species, all in the genus Apis [Engel, 1999c] ), and Meliponini (stingless bees, several hundred species, numerous genera). The corbiculate bee tribes are thought to be of Mesozoic age because a fossil meliponine has been described from the late Cretaceous (ϳ80 mya; Michener, 2000 and references therein; Grimaldi, 1999; Engel, 2000a) . Corbiculate bees are of interest because they include the only advanced eusocial bees, the only bees to store harvestable honey, and the most important pollinators of field and greenhouse crops.
The phylogenetic relationships among corbiculate bee tribes remain extraordinarily controversial. Nine of the 15 theoretically possible rooted trees for these four taxa have been published as potential phylogenies since 1984 (8 are diagrammed by Schultz et al., 1999, Fig. 1 ; the 9th is Fig. 2c of Koulianos et al., 1999 ; see also Prentice, 1991 and our Fig. 1 ). However, all recent morphological analyses of extant corbiculates (Prentice, 1991; Roig-Alsina and Michener, 1993) and extant plus fossil corbiculates (Engel, 2000b (Engel, , 2001 ), a cladistic analysis of behavior (Noll, 2001) , and simultaneous analyses of multiple data sets (Chavarría and Carpenter, 1994; Schultz et al., 1999) support the phylogeny proposed by Michener (1944) : (Euglossini ϩ (Bombini ϩ (Apini ϩ Meliponini))) (Fig. 1a) . This phylogeny, hereafter referred to as M44, is the only phylogeny consistent with a single origin of obligate eusociality among corbiculates and of advanced eusociality among bees (Michener, 1974; Prentice, 1991, Fig. 3.6a) . Mardulyn and Cameron's (1999) confidence in LW Rh's phylogenetic utility was primarily due to topological congruence between their LW Rh tribal phylogeny of corbiculate bees (Fig. 1d ) and the phylogenies (Figs. 1d and 1e) resulting from independent analyses of short (Յ550-bp) nucleotide sequences obtained from three other genes (mitochondrial 16S rDNA [495 bp, 171 parsimony-informative sites], Cameron, 1991 Cameron, , 1993 [reanalyzed by Chavarría and Carpenter, 1994; Schultz et al., 1999] ; nuclear 28S rDNA [237 bp, 7 parsimony-informative sites], Sheppard and McPheron, 1991; and mitochondrial cytochrome b [520 bp, 167 parsimony-informative sites], Koulianos et al., 1999) . Mardulyn and Cameron (1999) consider their preferred corbiculate tribal phylogeny (Fig. 1d ) to be "a well corroborated molecular phylogeny" despite its partial incongruence with their weighted parsimony ( Fig. 1f) and maximum-likelihood (ML) (Fig. 1g) analyses of LW Rh, partial incongruence with tribal phylogenies based on analyses of other genes (Fig. 1e) , and complete incongruence with all tribal phylogenies based on morphological characters or simultaneous analyses of morphological, behavioral, and molecular characters . In fact, not a single morphological character has ever been reported that would support Bombini ϩ Meliponini, the only clade recovered consistently by the molecular studies.
Our study sought to evaluate more fully the phylogenetic utility of LW Rh at two different taxonomic levels. First, we sought to examine how well LW Rh performed at the tribal, subfamilial, and familial levels within bees (focussing on the L-T clade). Our criteria for "performance" included (1) using jackknife, bootstrap, and Bremer support values to assess nodal support and (2) evaluating topological congruence between our results based on LW Rh and recent morphological studies of bees (e.g., Roig-Alsina and Michener, 1993) . Assessing the level at which LW Rh provides useful phylogenetic information is very important because there are no previously published molecular studies of higher-level bee phylogeny (e.g., among families, subfamilies, and noncorbiculate tribes). Furthermore, precise information about the taxonomic level (and age of divergence) for which LW Rh provides phylogenetic signal is useful for those choosing genes for studies of other insect groups. Second, we sought to evaluate the phylogenetic results obtained by previous molecular studies of corbiculate bees, in particular the LW Rh study of Mardulyn and Cameron (1999) . We investigated whether relationships obtained with only two outgroups (neither of which is considered to be the sister group to the corbiculates; Roig-Alsina and Michener, 1993) would hold when we added 51 noncorbiculate taxa from 23 tribes and all extant bee families. We further assessed corbiculate tribal relationships (Michener, 1944 (Michener, , 1990 (in part, when characters of Prentice, 1991 were considered); Maa, 1953; Prentice, 1991; Roig-Alsina and Michener, 1993; Chavarría and Carpenter, 1994; Engel, 2000b Engel, , 2001 Noll, 2001; Schultz et al., 1999 (morphology and overall conclusion); present study). (b) Second-best morphological phylogeny (Michener, 1974 (Michener, , 1990 (in part, not preferred over M44 when recoded by Chavarría and Carpenter, 1994) ; Schultz et al., 1999 (combined analyses) . (c) Morphological phylogeny implying dual origin of (or reversal in) advanced eusocial behavior in bees (Winston and Michener, 1977; Kimsey, 1984; Sakagami and Maeta, 1984) . (d) Preferred molecular phylogeny of Mardulyn and Cameron (1999) (Sheppard and McPheron, 1991; Cameron, 1993 (published tree excluding Exoneura, one of two mP trees including Exoneura); Mardulyn and Cameron, 1999 (equal weights parsimony and overall conclusion); Koulianos et al., 1999 (amino acid sequence) . (e) Alternative molecular phylogeny (Cameron, 1991 (Cameron, , 1993 (one of two MP trees including Exoneura); Schultz et al., 1999 (reanalyses of Cameron, 1993 ; Koulianos et al., 1999 (nucleotide sequence) . (f) Mardulyn and Cameron (1999) (weighted parsimony analysis). (g) Mardulyn and Cameron (1999) (ML analysis). 77 based on LW Rh in simultaneous analysis with a morphological data set. The two goals of our study are complementary in that LW Rh's utility at higher levels (among L-T bees in general) reflects its utility for recovering relationships among corbiculate tribes.
MATERIALS AND METHODS
We amplified and sequenced a Ϯ700-bp fragment (including three exons and two introns) of the LW Rh gene from 52 bee species. Combining our 52 sequences with the 16 sequences obtained by Mardulyn and Cameron (1999) plus the complete Apis sequence generated by Chang et al. (1996) , we produced an expanded data set of 68 species in total. We also included our expanded LW Rh data set in simultaneous analysis with a data set of morphological and behavioral characters derived from Schultz et al. (1999) with minor additions and modifications.
DNA Sequencing
Bees for this study were collected by the authors in New York, Arizona, New Mexico, California, and Italy (except for Melipona sp., which was collected by K. B. Miller in Bolivia). Most specimens used for sequencing were preserved in 95% EtOH, but recently collected pinned specimens were also used. Pinned specimens older than 3-5 years were not suitable for DNA extractions, but those collected more recently provided highmolecular-weight DNA for PCR. Outgroup and ingroup taxa included in this study, locality data, specimen voucher numbers, and GenBank accession numbers are listed in Table 1 . Voucher specimens are housed in the Cornell University Insect Collection.
DNA extractions followed standard protocols detailed in Danforth et al. (1999) . Two sets of PCR products were used to generate the data set. Primers for PCR and sequencing (LWRhF and LWRhR) were developed by Donat Angosti of the American Museum of Natural History and are listed in Mardulyn and Cameron (1999) . These primers produced multiple bands in many taxa. However, there was usually a Ϯ700-bp PCR product that appeared considerably stronger than all others. This was presumed to be the long-wavelength paralog. An additional nested forward primer LWRhF3 (5Ј-AGA TAC AAC GTR ATC GTS AAR GGT-3Ј) was used to amplify Ceratina, Exomalopsis, and Tetraloniella sequences, because LWRhF did not work for these taxa.
PCR amplifications were carried out following standard protocols (Palumbi, 1996) , with the following cycle conditions: 94°C, 1 min denaturation; 50 -56°C, 1 min annealing; 72°C, 1 min to 1 min 30 s extension. Prior to sequencing, PCR products were gel-purified in lowmelting-point agarose (FMC, Rockland, ME) overnight at 4°C and then purified using the Promega (Madison, WI) Wizard PCR Preps DNA Purification kit. Automated sequencing of PCR products was performed on an ABI 377 automated sequencer using the LWRhF, LWRhR, and LWRhF3 primers. All sequences were confirmed in both directions.
Taxon Sampling
We sequenced LW Rh in 52 species, 1 of which was represented from two localities (giving a total of 53 sequences). These sequences were combined with the 15 sequences published by Mardulyn and Cameron (1999) plus the complete Apis mellifera coding sequence published by Chang et al. (1996) (GenBank Accession No. U26026). The total data set consisted of 68 species (Table 1 ) (69 sequences) belonging to 44 genera, 27 tribes, 10 subfamilies, and all six bee families. Our data set includes many taxa within the L-T bee clade, which is derived from a paraphyletic group of primitive bees referred to as the short-tongued bees (S-T bees; Alexander and Michener, 1995) . This is the first molecular study of the L-T bees to include representatives of any of the nine tribes (Centridini, Rhathymini, Ericrocidini, Melectini, Anthophorini, Tetrapediini, Osirini, Protepeolini, and Isepeolini) that appear closest to the corbiculates in the best available cladograms of L-T bees (Roig-Alsina and Michener, 1993) . Inclusion of the Centridini, Protepeolini, Melectini, and Anthophorini in our study is particularly important because these tribes are believed to be more closely related to corbiculates (Roig-Alsina and Michener, 1993) than are the tribes/subfamilies used as outgroups in earlier molecular studies. Centridini are believed to be (or belong to) the sister group to the corbiculates. Use of exemplars representing 12 apine tribes allows us to test ingroup monophyly, whereas the inclusion of multiple genera of selected tribes (e.g., three genera of Eucerini and of Anthidiini) and multiple species of selected genera (e.g., four species of Diadasia and three species of Nomada, Anthophora, and Hoplitis) allows us to assess performance of LW Rh at lower taxonomic levels.
We rooted our trees with Colletes skinneri because we hypothesize that the Colletidae (sensu Michener, 1944 ; including the stenotritine genera Stenotritus and Ctenocolletes) is the monophyletic sister group to the rest of the bees.
Parsimony Analyses
Parsimony analyses were performed using PAUP*4 (PAUP v. 4.0b2a; Swofford, 1999) , Winclada (Beta) ver. 0.99 (Nixon, 1999) , and NONA (Goloboff, 1994) . For PAUP analyses we used heuristic searches with TBR branch swapping, random addition sequence for taxa, and 50 replicates per search. Most analyses were performed based on equal weights, but we also examined the consequences of downweighting third position transversions by 1/4 (as recommended by Mardulyn and Cameron [1999] ). Bootstrap support (Felsenstein, 78 ; Bremer, 1988 Bremer, , 1994 was calculated by saving trees one to four steps longer than the most parsimonious trees. Parsimony jackknifing (Farris et al., 1996) was performed using Winclada (Beta) ver. 0.99 and NONA. Jackknife frequencies were calculated based on 1000 replicates with 10 random sequence additions per replicate, 10 trees held, and swapping to completion on the shortest trees obtained using the command max*.
Simultaneous Analysis of Morphological and Molecular Data
Simultaneous analyses (equivalent to the total evidence approach of Chavarría and Carpenter, 1994 ; see Nixon and Carpenter, 1996; Kluge, 1998; Gatesy et al., 1999) were performed on a data set consisting of our expanded LW Rh data in combination with a data set of morphological and behavioral characters (Appendix) derived from that of Schultz et al. (1999) , with characters that were uninformative for tribal relationships deleted and with modifications that reflect our revised interpretation of the homology of certain characters and different views about cladistic character coding included. These simultaneous analyses were limited to testing relationships among the corbiculate tribes because monophyly of the corbiculates and of each corbiculate tribe is uncontroversial and because consideration of morphological characters that were informative within these tribes and within the outgroups is beyond the scope of this study. We did not include all the molecular studies published previously because their sampling of noncorbiculates is very limited, because the 16S and 28S rDNA data sets have already been analyzed in simultaneous analyses (Chavarría and Carpenter, 1994; Schultz et al., 1999) , and because work underway specifically addresses this problem (S. A. Cameron and P. Mardulyn, unpublished) .
Maximum-Likelihood Analyses
Maximum-likelihood analyses were performed using PAUP*4 (PAUP v. 4.0b2a; Swofford, 1999) to replicate the analyses of Mardulyn and Cameron (1999) and to explore the degree to which the results obtained under equal weights parsimony are due to rate heterogeneity among sites, biased base composition, or unequal transition/transversion (ti/tv) rates, parameters that are incorporated in the models discussed below. For the maximum-likelihood analyses we initially used the equal weights parsimony trees to estimate the log likelihood of each tree under 20 possible models of sequence evolution Frati et al., 1997; Huelsenbeck and Crandall, 1997) , from the simplest (Jukes-Cantor) to the most parameter rich (general time-reversible). We accounted for rate heterogeneity among sites in five ways: (1) no rate heterogeneity, (2) proportion of invariant sites (I), (3) gammadistributed rates (G) (with four rate categories), (4) proportion of invariant sites ϩ gamma distributed rates (G ϩ I), and (5) site-specific rates (SSR), whereby rates were estimated for each codon position.
When performing branch swapping in ML we used the ML parameters obtained from the equal weights parsimony tree as starting parameters for tree searching. We then performed a series of branch swapping iterations, in the following order: NNI, SPR(1), SPR(2), TBR(1), and TBR(2). At each iteration the ML parameters were reestimated based on the trees currently in memory and applied to the next round of branch swapping. The parameter estimates resulting from this search algorithm are discussed below. Four models were selected for tree search: K2P ϩ SSR, K2P ϩ G ϩ I, HKY ϩ SSR, and GTR ϩ SSR. Bootstrap values were calculated using 100 replicates. Note. GenBank accession numbers are indicated for all sequences, and locality data are given for all specimens sequenced by us. We have revised the spelling of one of Mardulyn and Cameron's (1999) exemplars and suggest a revised identification for another. B. pensylvanicus (De Geer) is spelled with one "n" (Williams, 1998) . "Trigona hypogea" is T. necrophaga Camargo and Roubik (Engel and Schultz, 1997; Schultz et al., 1999) if "T. hypogea" of Mardulyn and Cameron (1999) refers to the same DNA extraction and voucher as that of Cameron (1991 Cameron ( , 1993 .
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RESULTS
Alignment
We aligned the 15 sequences published by Mardulyn and Cameron (1999) with the published coding sequence for A. mellifera (Chang et al., 1996) plus an additional 53 bee sequences using MegAlign in the Lasergene software package (DNASTAR Inc., Maddison, WI). Because we sequenced genomic DNA our sequences included two introns of variable length (as did those of Mardulyn and Cameron, 1999, p. 171) . Intron/exon boundaries were identified by comparison with the published coding sequence for A. mellifera. Because alignments within the introns were unclear, we excluded the introns from our analyses (as did Mardulyn and Cameron, 1999) . However, sequences submitted to GenBank include the entire genomic sequence obtained, including introns. All of the eucerine genera sequenced (Svastra, Melissodes, Tetraloniella) and amplified (Xenoglossa and Peponapis) have exceptionally large introns in comparison to those of other L-T bees.
Some of our aligned sequences were incomplete. In four taxa (Ceratina, Tetraloniella, and both species of Exomalopsis) 110 bp were missing from the 5Ј end of our sequences because the nested primer LWRhF3 was used. Smaller numbers of base pairs were also missing both in the sequences generated by us (up to 9 bp missing in Melissodes desponsa) and in the sequences generated by Mardulyn and Cameron (1999) 
(up to 50 bp missing in Apis nigrocinctus).
The aligned data set included a total of 495 aligned sites rather than the 502 bp reported by Mardulyn and Cameron for their data set. This discrepancy is due to our exclusion of 7 bp at the 5Ј end of our data set due to the lack of data for the majority of sequences, including 7 of the 15 generated by Mardulyn and Cameron.
Nucleotide alignments are available from the corresponding author.
Base Composition
The overall base composition and the base composition broken down by codon position are shown in Table  2 . Overall, the base composition was only slightly A/T biased (53.5%). Our results are comparable to those of Mardulyn and Cameron (1999) in that first position sites tend to show the greatest A/T bias (59.9% A/T in our data set and 60.6% A/T in the Mardulyn and Cameron [1999] data set).
There was significant heterogeneity in base composition among taxa only in third position sites (P ϭ 0.0029), which tended overall to show a slight G/C bias (58.1% G/C). We investigated third position base composition among tribes of corbiculate bees by first calculating overall base composition for noncorbiculate Apinae and then comparing each of the four corbiculate tribes to this null hypothesis. While base composition for Bombini, Meliponini, and Euglossini did not differ significantly from that for the noncorbiculate apines (P Ͼ 0.05), Apini showed highly significant (P Ͻ 0.001) deviation from the noncorbiculate Apinae in general (Fig. 2) . These differences are due to the substantial A/T bias in the three Apis species (41.9% G/C) as compared to the overall G/C content in the noncorbiculate apines (56.5% G/C). 
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Parsimony Analyses
Equal weights parsimony analyses of the entire 495-bp alignment (228 sites were parsimony informative) using either PAUP or NONA resulted in the same eight trees of length (L) 1686 steps (Fig. 3) . Parsimonyinformative sites were mostly in third positions (Fig.  4a ) but first and second positions accounted for approximately one third of all parsimony-informative sites. 
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Homoplasy was highest in third position sites and lowest in second position sites, as expected for proteincoding genes (Fig. 4b) . No significant incongruence among sites or between nt1 ϩ nt2 and nt3 was detected using the incongruence length difference test (Farris et al., 1994) .
Well-supported nodes in equal weights parsimony analysis were identified as those with Ͼ50% bootstrap and jackknife support (Fig. 5) and Bremer support greater than 3. Bootstrap and jackknife frequencies were similar, as expected. All 16 genera and 19 tribes that are represented by multiple exemplars are resolved as monophyletic groups and are supported by jackknife frequencies of Ն57%. Tribes are supported by jackknife frequencies of 98% or more, except for Epeolini (93%) and Osmiini (72%). Osmiini is the tribe with the least morphological support (Roig-Alsina and Michener, 1993) and may prove to be paraphyletic with respect to Megachilini (Engel, 1999b) when additional taxa are sampled. All genera are supported by jackknife values of Ն84%, except for Anthidium (60%) and Trigona (57%). Most potential relationships within genera and tribes are also resolved and congruent with our expectations based on adult morphology (e.g., relationships between our exemplars of Bombus (Williams, 1994) , Nomada, and Hoplitis). Support for relationships at or below the tribal level is substantial, as demonstrated by jackknife frequencies of 98% or greater at 23 nodes (excluding the outgroup node). In contrast, relationships among tribes, subfamilies, and families are unresolved in our bootstrap and jackknife consensus trees, excepting the subfamily Megachilinae (to which all 10 of our megachilid exemplars belong), the subfamily Panurginae (represented in our analyses by members of the derived panurgine tribes Panurgini and Calliopsini (Ruz, 1987) ), and Melittidae. All recovered clades are fully congruent with morphological and behavioral data except relationships within the corbiculate tribe Euglossini, which are inconsistent with morphology-based phylogenies (Kimsey, 1982 (Kimsey, , 1987 Michener, 1990; Engel, 1999a) .
Bremer support values generally correspond with bootstrap and jackknife frequencies (Fig. 3 ). All clades with jackknife frequencies Ͼ72% have Bremer support of 2 or more. All tribes (except Osmiini, BS ϭ 1) and all genera (except Trigona, BS ϭ 1, Anthidium, BS ϭ 2, and Triepeolus, BS ϭ 3) have Bremer support of 5 or more, as does the subfamily Panurginae. Three clades were not present in the bootstrap or jackknife 50% consensus tree but have Bremer support of 3 or more. One of these, the Andrenidae (BS ϭ 3), is congruent with morphological data, whereas the other two (Brachynomadini ϩ Epeolini, BS ϭ 3; Protepeolini ϩ Melectini, BS Ն 5) are not (Rozen, 1996; Roig-Alsina and Michener, 1993) . The latter two results are suspect due to the extremely long branch subtending Leiopodus (see below). Relationships among the corbiculate bee tribes are unresolved in the consensus of trees one step longer than the most parsimonious trees (i.e., BS ϭ 1 for these clades).
Some clades present in the strict consensus tree (Fig.  3 ), but receiving no or minimal nodal support (not appearing in the bootstrap or jackknife 50% consensus trees nor with BS Ͼ 2), are those that one would expect based on morphology (e.g., Megachilini ϩ Osmiini). However, most such clades are spurious, as they cannot be reconciled with morphological data (indicated with X on Fig. 3 ). For example, the Andrenidae appear as sister to the Melittidae, the Megachilidae (a family of L-T bees) is sister to Halictidae (a family of S-T bees), the Eucerini (a tribe of L-T bees in the family Apidae) is sister to the Andrenidae plus Melittidae (two families of S-T bees), and Ceratina (an apid) arises from within the Megachilidae and is far removed from Xylocopa (another member of the Xylocopinae). Placement of Leiopodus and the Melectini (both cleptoparasitic apines) within Nomadinae is also incongruent with morphological studies (Roig-Alsina and Michener, 1993) , as are relationships among tribes of Nomadinae (Rozen, 1996) and the clade Exaerete ϩ Eufriesea (Kimsey, 1982 (Kimsey, , 1987 Michener, 1990; Engel, 1999a) . Furthermore, several clades strongly supported by morphological data, such as L-T bees, Melittidae ϩ L-T 
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FIG. 5.
The 50% bootstrap consensus tree based on 100 bootstrap replicates with 10 random addition sequences. Jackknife frequencies (in parentheses) were calculated using 1000 replicates with 10 random sequence additions per replicate, hold/10, and max*. The single clade inconsistent with previous morphological studies is marked with an X. Corbiculate bees are indicated in gray.
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LONG-TONGUED BEE PHYLOGENY bees, Apidae, Nomadinae, and Xylocopinae, are not recovered in our consensus of most parsimonious trees. Figure 6 , one of the eight equally parsimonious trees, is included to show relative branch lengths under ACCTRAN optimization and should not be viewed as a preferred phylogenetic hypothesis. One of two equally parsimonious resolutions of relationships among corbiculate tribes (Fig. 6) is anomalous in that the corbiculates are paraphyletic with respect to Centris, which we expect to be the sister taxon to the corbicu- (Fig. 7) corresponds to the preferred molecular phylogeny of Mardulyn and Cameron (1999 ;  Fig. 1d ). The exceptionally long branches subtending Apis, Ceratina, and especially Leiopodus indicate that the anomalous placement of these taxa on the cladogram may be unreliable. For example, Apis shows remarkably high sequence divergence (Fig. 8 ) and significantly biased third position base composition (see above) compared to all other corbiculate genera.
Downweighting of third position transitions by 1/4 (as recommended by Mardulyn and Cameron, 1999) yielded trees similar to the equal weights tree (for example, corbiculates remained paraphyletic) but with elevated levels of bootstrap support for certain nodes (support for Bombini ϩ Meliponini increased from Ͻ50% to 76%). Figure 9 shows the ϪLn likelihood scores of the equal weights parsimony trees based on the 20 models of sequence evolution used. Because neither the incorporation of empirical base frequencies (using the HKY model) nor the incorporation of a six-parameter rate matrix (using the GTR model) substantially improved the ϪLn likelihood score when ϪLn likelihoods were calculated on the equal weights parsimony trees, we initially selected the Kimura two-parameter (K2P) model as an appropriate model for branch swapping.
Maximum-Likelihood Analysis
Using the K2P model with a transition/transversion ratio estimated from the data (ti/tv ratio ϭ 2.43) and site-specific rates estimated from the original equal weights parsimony trees and refined through several rounds of tree search (relative rates: first, 0.517; second, 0.188; third, 2.30), we obtained one tree (Fig. 10) . This same topology was obtained irrespective of which of the original eight equal weights parsimony trees were used to start. Additional ML analyses incorporating the HKY ϩ SSR and the GTR ϩ SSR models also resulted in this topology. Our ML analyses failed to support corbiculate monophyly. Indeed, Centris, Ceratina, and Xylocopa fall out within the corbiculate bees, and Apis is apparently sister to Xylocopa. As with the parsimony analysis, Leiopodus, Ceratina, and Apis are subtended by long branches. Ceratina is in a different but equally anomalous position. (Dramatic instability in the placement of Ceratina presumably results from the absence of 110 missing base pairs at the 5Ј end of its sequence.) If one disregards placement of Ceratina and poorly supported nodes, the ML tree closely resembles the consensus of the most parsimonious trees. In addition, relationships among the four species of Diadasia were resolved and congruent with results based on other genes and more complete taxon sampling (Sipes and Wolf, 2001) . As in the parsimony analysis, little bootstrap support exists below the level of tribe 
FIG. 9.
ϪLn likelihood scores based on 20 possible models of sequence evolution. The K2P ϩ SSR, K2P ϩ I ϩ G, HKY ϩ SSR, and GTR ϩ SSR models were selected for branch swapping (indicated by arrows).
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LONG-TONGUED BEE PHYLOGENY (Fig. 10) , although support for Bombini ϩ Meliponini is greater than 50%. Analyses incorporating more complex models of rate heterogeneity (K2P ϩ G ϩ I) resulted in slightly different tree topologies, but were identical to Fig. 10 for nodes supported by Ͼ50% bootstrap values.
Simultaneous Analysis of Morphological and Molecular Data
A simultaneous analysis of two data partitions, our LW Rh data set and a morphological and behavioral data set (Appendix), resulted in a consensus of most (Fig. 1a) . The most parsimonious trees obtained from simultaneous analysis are only 4 steps (0.0024%) longer than the sum of the most parsimonious tree lengths obtained from separate analyses of each partition.
An analysis of the morphological and behavioral data partition alone also yielded M44 ( Fig. 1a ; tree length ϭ 27 steps, CI ϭ 0.815, RI ϭ 0.969). Complete congruence between this topology and that obtained from simultaneous analysis suggests that incongruence introduced by combining our data partitions is due entirely to a slight increase in homoplasy in the LW Rh partition. Tree length for the morphological and behavioral data partition increases by 67% (18 steps) relative to that for the MP tree (L ϭ 27 steps) when constrained to Mardulyn and Cameron's (1999) preferred molecular phylogeny (Fig. 1d) . This dramatic increase in tree length is not surprising, since all morphological or behavioral characters are incongruent with this topology.
In contrast, our LW Rh molecular data partition is only very weakly incongruent with M44. Tree length for this molecular partition increases by only 0.0024% (4 steps) relative to the MP tree (L ϭ 1686 steps) in simultaneous analysis (which supports M44) and by a mere 0.0012% (2 steps) when the advanced eusocial clade (Apini ϩ Meliponini) is constrained to be monophyletic. This result suggests that nearly as many molecular characters are congruent with morphologybased tribal phylogenies of corbiculate bees (Figs. 1a and 1b) as with the preferred molecular phylogeny of Mardulyn and Cameron (1999; our Fig. 1d) . A high degree of congruence among morphological and behavioral characters (RI ϭ 0.953 for the data set of Schultz et al. (1999) ; RI ϭ 0.969 for our data set) and the ambiguity of molecular data sets for corbiculates explain why morphological characters largely determined the outcome of simultaneous analysis in this and previous (Chavarría and Carpenter, 1994; Schultz et al., 1999) studies.
DISCUSSION
Assessment of LW Rh for Resolving Relationships among Bee Tribes, Subfamilies, and Families
LW Rh sequence data are efficient at resolving lower-level (i.e., relatively recent) divergences among bees as demonstrated by substantial clade support (based on jackknife, bootstrap, and Bremer support values) for nearly all genera and tribes and for many relationships within genera and tribes that are consistent with morphological and behavioral data. On the other hand, our data set failed to unambiguously resolve most higherlevel relationships, including those among tribes, subfamilies, and families (exceptions: Panurginae and Melittidae). Since higher-level relationships among L-T bees are also difficult to resolve using morphological data (as demonstrated by bootstrap values of less than 50% for most basal clades when we reanalyzed Roig-Alsina and Michener's (1993) data set of adult morphology and by topological instability when this data set was modified by Silveira (1993) ), lack of basal resolution in our analyses of LW Rh sequences may reflect the inherent difficulty of recovering clades of Cretaceous age separated by short internodes. Alternatively, LW Rh may be subject to patterns of homoplasy that make it a poor data set for phylogenetic analysis at this level (see below).
Assessment of LW Rh for Resolving Relationships within the Corbiculate Bees
Relationships among the corbiculate bee tribes were unresolved based on the absence of nodal support in equal weights parsimony analysis. Weighted parsimony and ML had the effect of elevating levels of support for Bombini ϩ Meliponini. However, corbiculate monophyly was only ambiguously supported in our equal weights analysis, and neither weighted parsimony nor maximum-likelihood (under any of the four models that we tested) recovered corbiculate monophyly (see also Mardulyn and Cameron, 1999; our Figs. 1f and 1g) . The failure of LW Rh to recover corbiculate monophyly is a significant problem, given the fact that corbiculates are among the most strongly supported clades of bees (Roig-Alsina and Michener, 1993) . In all cases it is Apis that falls outside the remaining corbiculates. What factors could explain the anomalous placement of Apis in our study? There are two (related) attributes of the Apis sequences included here that could produce highly anomalous results: (1) highly skewed third position base composition (Fig. 2) and (2) high sequence divergence when compared to other corbiculate bees (Fig. 8) , resulting in an extremely long branch subtending the three Apis species (Figs. 6, 7, and 10) . We suspect that together these attributes of the Apis sequences result in incorrect placement of Apis and possibly in incorrect rooting of the corbiculate clade.
Although our LW Rh data set alone failed to resolve corbiculate relationships, our combined analysis with morphological data was consistent with the traditional morphological phylogeny (referred to as M44 above; Fig. 1a) . Previous studies based on combinations of morphological and molecular data (Chavarría and Carpenter, 1994; Schultz et al., 1999) reached the same conclusion. Furthermore, detailed cladistic analyses of behavior (Noll, 2001 ) and of Baltic amber corbiculate fossils (Engel, 2000b (Engel, , 2001 ) provide additional support for M44. In light of the substantial corroboration for M44, we view the hypothesis of dual origins of advanced eusociality (Winston and Michener, 1977; Kimsey, 1984 [Fig. 1c] ; Cameron, 1991 Cameron, , 1993 Mardulyn 89 and Cameron, 1999; Koulianos et al., 1999 [Figs. 1d and 1e] ) in corbiculate bees as unsupported by the totality of the phylogenetic data.
For Bombini ϩ Meliponini to be accepted as a wellcorroborated hypothesis, the following criteria should be met by any future molecular studies: (1) substantial support for corbiculate monophyly (as measured by bootstrap and Bremer support values) should be demonstrated when an adequate sampling of tribes potentially most closely related to the corbiculates is included (see discussion of taxon sampling above), (2) the data should be shown to fit the hypothesis of Bombini ϩ Meliponini significantly better than the alternative hypothesis (M44), and (3) some attempt must be made to reconcile the remarkable incongruity of the morphological and behavioral data with Bombini ϩ Meliponini.
General Conclusions about the Phylogenetic Utility of LW Rh in Insects
Homoplasy in our LW Rh (rhodopsin) data set results in lack of nodal support at deeper levels (Figs. 3 and 5) and spurious results in our most parsimonious and maximum-likelihood trees (Figs. 3  and 10 ). This problem was refractory to correction by any of the models that we employed (including weighted parsimony and widely employed ML models). Interestingly, Chang and Campbell (2000) found strong support for incorrect nodes when analyzing a data set of 25 vertebrate rhodopsin sequences using parsimony, distance, and likelihood methods. They suggest that convergent evolution at hydrophobic amino acid sites, an evolutionary process not included in existing model-based phylogenetic approaches, may account in part for this problem. Future molecular evolutionary studies may allow for more specific and realistic modeling of rhodopsin sequence evolution. However, the utility of complex models (containing numerous parameters) for phylogenetic inference may be limited (Farris, 1999) , and taxon-specific effects (such as the significantly biased third position base composition in Apis) cannot be accounted for in current ML models. In our view, progress in higher-level insect molecular systematics will be better achieved by generating data sets from genes demonstrably useful for recovering ancient divergences rather than by using complex models to extract limited phylogenetic signal from suboptimal data sets. At present, genes such as elongation factor 1␣ (EF-1␣), wingless, phosphoenolpyruvate carboxykinase (PEPCK), and dopa-decarboxylase (DDC) (references listed above) appear more promising than does LW Rh for resolving Cretaceous-age divergences in insects, including those among corbiculate bees. Michener and Fraser (1978; Meliponini) . The mandibles of Apini differ from the mandibles of Meliponini, but are more similar to each other than either is to the mandibles of any other bees (see Michener and Fraser, 1978 ; note that both taxa have a large cap of the rutellum). The secondary mandibular ridges and associated grooves of Bombini are not primarily homologous with those of Euglossini (Michener and Fraser, 1978) and should not be considered to belong to the same character state "very well developed" unless a more precise homology can be described. (1) Divided into "mentum" and lorum. The "mentum" of bees is not homologous with the mentum of generalized insects (Plant and Paulus, 1987) .
6: Prosternum. (0) Not constricted, apophyseal pit present. (1) Constricted, apophyseal pit absent. A strongly constricted prosternum seems incompatible with a well-developed apophyseal pit. Therefore, we regard Schultz et al.'s (1999) (1) Present. The auricle and the penicillum (unique to Meliponini) are functional equivalents and are not known to cooccur (Prentice, 1991) . Therefore they could be regarded as nonindependent derived states of the character "pollen-packing structure," which would be inapplicable in taxa lacking a corbicula. If coded in this way, absence of an auricle no longer provides evidence for excluding Meliponini from the group (Apini ϩ Euglossini ϩ Bombini). (1) Absent (Bombini) or limited to a jugal comb of long, stiff bristles (Euglossini). The derived state could be partitioned into two states, but is coded as a single state here so that any bias in character coding will favor the alternative morphological phylogeny over M44.
15: Alar papillae/stigma size/body size. (0) Absent/ large/small. (1) Present/small/large. Each of the several unrelated bee taxa with alar papillae (e.g., Caupolicanini, stenotritine Colletidae, Oxaeinae, Xylocopini, and Centridini) also have small stigmas and are large in size. The cooccurrence of these and other (e.g., reduced arolia) characters in these large bees likely reflects size scaling due to biophysical constraints (Danforth, 1989) . The characters involved cannot be considered to provide strong independent evidence of phylogenetic relationships unless more precise homologies can be defined. Characters correlated with body size are especially problematic when assessing relationships among the corbulicate tribes because both generalized Euglossini (e.g., Eulaema) and Bombus queens are exceptionally large bees and because both the currently accepted (Centridini and other noncorbiculate Apinae) and the formerly accepted (Xylocopinae) sister groups to the corbiculates also include very large bees, but vary with respect to body size. (1) Present. Characters 21 and 22 are logically dependent and are coded so as to avoid redundancy of information. These can be divided into multiple independent characters, increasing quantitative support for M44 (Noll, 2001 ), but the independence of some of these characters is questionable. Schultz et al. (1999) excluded the character "social behavior" from their analysis on the grounds that including this character might be construed as circular. We believe that all characters should be included in cladistic analysis, including those of special interest (Luckow and Bruneau, 1997; Wenzel, 1997; Zrzavy, 1997) .
22: Degree of eusociality. (Ϫ) Inapplicable (noneusocial taxa). (0) Primitive. (1) Advanced.
